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1. INTRODUCTION 

Space a p p l i c a t i o n s  a r e  c u r r e n t l y  t h e  most impor t an t  r o l e  f o r  

p h o t o v o l t a i c s ,  and f o r  many years w i l l  probably c o n t i n u e  t o  be.  As one 

might e x p e c t ,  des ign  c o n s i d e r a t i o n s  f o r  space-based p h o t o v o l t a i c s  d i f f e r  

somewhat from c o n s i d e r a t i o n s  f o r  t e r r e s t r i a l  p h o t o v o l t a i c s .  The p r i n c i p a l  

des ign  c r i t e r i a  f o r  space-based p h o t o v o l t a i c s  a r e  h i g h  s p e c i f i c  power 

( i - e . ,  power p e r  u n i t  weight )  and good r a d i a t i o n  t o l e r a n c e ,  which i s  

impor tan t  s i n c e  c e l l s  i n  space a r e  exposed t o  r ' luences of e n e r g e t i c  

p a r t i c l e s  t h a t  damage t h e  semiconductor  l a t t i c e ,  t h e r e b y  degrading  c e l l  

e f f i c i e n c y .  R a d i a t i o n  damage i s  cumula t ive ,  s o  t h a t  ce l l s  deployed i n  

space  have a f i n i t e  u s e f u l  l i f e t i m e .  

1.1. Advantages of 1 1 1 - V  M a t e r i a l s  f o r  P h o t o v o l t a i c  A p p l i c a t i o n s  

Although e x i s t i n g  space-based p h o t o v o l t a i c s  are made e x c l u s i v e l y  

from s i l i c o n ,  1 I I - V  compound semiconductors  and t h e i r  t e f n a r y  a l l o y s  show 

great promise as p h o t o v o l t a i c  m a t e r i a l s ,  p a r t i c u l a r l y  f o r  space  a p p l i c a -  

t i o n s .  I n  t h i s  r e g a r d ,  they  e x h i b i t  s e v e r a l  advan tages  over  s i l i c o n .  

Ava i l ab le  energy gaps of these m a t e r i a l s  provide  a b e t t e r  match t o  t h e  

s o l a r  spectrum, a l l o w i n g  h igher  conve r s ion  e f f i c i e n c i e s  than  w i t h  

s i l i c o n .  

e f f i c i e n c i e s  of  21% have been r e c e n t l y  demonstrated [ l ] .  T h i s  compares t o  

15% f o r  s i l i c o n  c e l l s  under  t h e  same c o n d i t i o n s  [ 2 ] .  Many of t h e  1 1 1 - V ' s  

have a d i r e c t  energy gap,  which p e r m i t s  f a b r i c a t i o n  of t h i n - f i l m  c e l l s  of 

l i g h t e r  weight  t han  th i ck - f i lm  d e v i c e s .  The 1 1 1 - V ' s  a l s o  e x h i b i t  g r e a t e r  

t o l e r a n c e  t o  r a d i a t i o n  damage t h a n  s i l i c o n .  

Large-area G a A s  h e t e r o f a c e  c e l l s  w i t h  one-sun a i r  mass z e r o  (AMO) 
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Perhaps the most important advantages of the 111-V'S are the 

flexibility provided by their ternary alloy systems, which span a wide 

range of energy gaps, and the ability to grow multilayer, multi-band-gap 

structures with these materials. 

technologies (molecular beam epitaxy and metalorganic chemical vapor 

deposition) has also made possible a large variety of new artificial 

materials, known as superlattices, which can be grown with the 111-V's. 

The principal characteristic of a superlattice is one-dimensional band 

structure periodicity induced by alternating layers of different compo- 

sition o r  doping type. 

superlattice and the latter is called a doping superlattice. Individual 

layers of these structures are typically so thin (particularly f o r  

compositional superlattices) that novel quantum effects become important 

in describing the electronic and optical properties of these materials. 

The advent of advanced epitaxial-growth 

The former is referred to as a compositional 

1 . 2 .  Viability of Superlattices as Photovoltaic Materials 

Compositional superlattices grown from lattice-mismatched 

materials (known as strained-layer superlattices) have been proposed as 

an alternative to homogeneous compounds and their alloys for high- 

efficiency photovoltaics because of lower defect densities [ 3 ] .  

However, compositional superlattices possess localized quantum states 

caused by carrier confinement in the layers of smallest energy gap. 

These states tend to promote the capture of energetic minority carriers, 

enhancing recombination. Once photogenerated minority carriers recom- 

bine, they cannot contribute to the output current o f  the cell. High- 

efficiency cells require low recombination rates for photogenerated 
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carriers, which means t h a t  m a t e r i a l s  w i t h  l o n g  m i n o r i t y - c a r r i e r -  

d i f f u s i o n  l e n g t h s  are e s s e n t i a l .  

t h a t  m i n o r i t y - c a r r i e r - d i f f u s i o n  l e n g t h s  i n  t h e  d i r e c t i o n  t r a n s v e r s e  t o  

t h e  l a y e r s  of  a s t r a i n e d - l a y e r  s u p e r l a t t i c e  are i n  f a c t  q u i t e  small [ 4 ] .  

The s u i t a b i l i t y  of  composi t iona l  s u p e r l a t t i c e s  f o r  p h o t o v o l t a i c  energy  

convers ion  i s ,  t h e r e f o r e ,  doubt fu l .  

Recent e x p e r i m e n t a l  ev idence  confirms 

Doping s u p e r l a t t i c e s  (sometimes r e f e r r e d  t o  a s  NIPI c r y s t a l s )  

a r e ,  a t  f i r s t  g l a n c e ,  cons iderably  more i n t e r e s t i n g  as a p o t e n t i a l  

p h o t o v o l t a i c  m a t e r i a l .  

reduced i n  NIPI c r y s t a l s  because of  an i n d i r e c t  gap i n  real space  

between e l e c t r o n  s t a t e s  i n  the conduct ion  band and h o l e  states i n  t h e  

va lence-band.  

a r a t e d  k i t h i n  p i c o s e c o n d s ,  a l lowing  them a lmost  no chance t o  recombine 

Recombination of  m i n o r i t y  carr iers  i s  g r e a t l y  

Photogenerated e l e c t r o n s  and h o l e s  a r e  s p a t i a l l y  sep- 

[5]. Thus, NIPI c r y s t a l s  a r e  

c u r r e n t .  U n f o r t u n a t e l y ,  N I P I  

material because of e x c e s s i v e  

recombinat ion c o n t r i b u t i o n  t o  

i d e a l  from t h e  s t a n d p o i n t  of  s h o r t - c i r c u i t  

c r y s t a l s  are -not  a v i a b l e  p h o t o v o l t a i c  

d a r k  c u r r e n t .  The space-charge- 

t h e  dark  c u r r e n t  i s  p r o p o r t i o n a l  t o  t h e  

volume of a s t r u c t u r e  which is d e p l e t e d ,  and N I P I  c r y s t a l s  a r e  a lmost  

e n t i r e l y  d e p l e t e d .  

1 .3 .  Advantages of M u l t i l a y e r  S t r u c t u r e s  

Even though s u p e r l a t t i c e s ,  which a r e  e s s e n t i a l l y  m u l t i l a y e r  

s t r u c t u r e s  w i t h  u l t r a t h i n  l a y e r s ,  do n o t  appear  i n t e r e s t i n g  as p o t e n t i a l  

p h o t o v o l t a i c  m a t e r i a l s ,  m u l t i l a y e r  s t r u c t u r e s  w i t h  t h i c k e r  l a y e r s  are of 

i n t e r e s t  f o r  two r e a s o n s .  

F i r s t ,  t h e  p o s s i b i l i t y  of growing m o n o l i t h i c ,  multi-band-gap 

p h o t o v o l t a i c s  ( o f t e n  r e f e r r e d  t o  a s  cascade  cel ls)  may e v e n t u a l l y  a l l o w  
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convers ion  e f f i c i e n c i e s  i n  excess  of 30% t o  be achieved.  

c a s c a d e  cel ls  may be understood i n  terms of a p a r t i t i o n i n g  of t h e  s o l a r  

spec t rum among two o r  more s u b c e l l s  of  d i f f e r i n g  energy gaps. 

o p e r a t i o n  of a two-gap c e l l  w i l l  be d e s c r i b e d  t o  i l l u s t r a t e  t h e  concept .  

The concept  of 

The 
- 

The two s u b c e l l s  are e p i t a x i a l l y  grown i n  a v e r t i c a l  s t a c k  w i t h  

t h e  highest-energy-gap s u b c e l l  on t o p .  I n c i d e n t  s o l a r  r a d i a t i o n  w i t h  

energy  g r e a t e r  t h a n  t h e  upper-subcel l  energy  gap is  absorbed by t h a t  

s u b c e l l .  R a d i a t i o n  w i t h  energy less than  t h e  upper-subcel l  gap and 

g r e a t e r  t h a n  t h e  lower-subcel l  gap i s  absorbed by t h e  lower s u b c e l l .  

By s e l e c t i n g  t h e  energy gaps of t h e  two s u b c e l l s  t o  y i e l d  a n  opt imal  

p a r t i t i o n  of t h e  spectrum, one c a n ,  i n  p r i n c i p l e ,  o b t a i n  h i g h e r  c o n v e r s i o n  

e f f i c i e n c y  t h a n  is  p o s s i b l e  w i t h  s ing le-gap  cells. 

a v e r a g e  diafference betwee; the  i n i t i a l  energy of a photogenerated 

m i n o r i t y  carrier and t h e  energy gap of t h e  s u b c e l l  i n  which t h e  c a r r i e r  

This  i s  because t h e  

w a s  e x c i t e d  i s  smaller when t h e r e  are two a v a i l a b l e  energy gaps ,  r a t h e r  

t h a n  one. Photoexci ted  c a r r i e r s  q u i c k l y  r e l a x  t o  t h e  band edge,  s o  t h a t  

t h e  e x c e s s  energy of c a r r i e r s  e x c i t e d  by photons w i t h  energy w e l l  above 

t h e  energy  gap i s  l o s t  t o  l a t t i c e  h e a t i n g .  I n  t h e o r y ,  t h e  more energy  

gaps i n  a cascade  s t r u c t u r e ,  t h e  g r e a t e r  i s  t h e  a t t a i n a b l e  e f f i c i e n c y ,  

s i n c e  t h e  spectrum i s  p a r t i t i o n e d  more f i n e l y .  However, t h e  c h a l l e n g e s  

of f a b r i c a t i n g  a two-gap monol i th ic  c a s c a d e  s t r u c t u r e  have proved s u f -  

f i c i e n t l y  daunt ing  f o r  p r e s e n t  technology.  Cascade c e l l s  demonst ra ted  

t o  d a t e  have y e t  t o  exceed e f f i c i e n c i e s  of t h e  b e s t  s ingle-gap c e l l s  [ 6 1 .  

The second reason f o r  going t o  m u l t i l a y e r  s t r u c t u r e s  i s  t h e  

p o s s i b i l i t y  of enhancing s p e c t r a l  r e s p o n s e  (which i s  t h e  f r a c t i o n  of 

p h o t o e x c i t e d  carr iers  t h a t  c o n t r i b u t e  t o  t h e  s h o r t - c i r c u i t  c u r r e n t )  and 
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improving r a d i a t i o n  t o l e r a n c e  w i t h  a d d i t i o n a l  homojunct ions i n  a s i n g l e -  

gap c e l l  1261.  By reducing  t h e  ave rage  d i s t a n c e  pho toexc i t ed  minor i ty  

c a r r i e r s  must be t r a n s p o r t e d  b e f o r e  encoun te r ing  a j u n c t i o n ,  t h e  proba- 

b i l i t y  of carriers be ing  c o l l e c t e d  b e f o r e  t h e y  recombine is  i n c r e a s e d .  

The c o l l e c t i o n  p r o b a b i l i t y  f o r  m i n o r i t y  c a r r i e r s  is  determined 

p r i n c i p a l l y  by t h e  semiconductor m i n o r i t y - c a r r i e r - d i f f u s i o n  l e n g t h  and 

the  d i s t a n c e  t o  a j u n c t i o n .  I n  p r a c t i c e ,  t h e  d e s i g n e r  has l i t t l e  c o n t r o l  

over  d i f f u s i o n  l e n g t h s .  A compromise m u s t  be found between t h e  c o n f l i c t -  

i n g  r equ i r emen t s  of h i g h e r  doping c o n c e n t r a t i o n s ,  which i n c r e a s e  t h e  

j u n c t i o n  b a r r i e r  p o t e n t i a l  (and t h e r e f o r e  t h e  o p e n - c i r c u i t  v o l t a g e ) ,  and 

long  d i f f u s i o n  l e n g t h s  f o r  good s p e c t r a l  r e s p o n s e ,  which d i c t a t e s  t h a t  

impur i ty  c o n c e n t r a t i o n s  be minimized. Thus, t h e  o n l y  a v a i l a b l e  means 

f o r  improving s p e c t r a l  response i s  t o  reduce  t h e  ave rage  c o l l e c t i o n  

d i s t a n c e  by i n c r e a s i n g  t h e  number of j u n c t i o n s .  
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2. MODELLING 

The b a s i c  lumped-parameter c i r c u i t  model of  a p h o t o v o l t a i c  c e l l  

i s  shown i n  F i g u r e  1. 

so that  i t  i s  r e a s o n a b l e  t o  n e g l e c t  b o t h  s h u n t  and series r e s i s t a n c e s .  

Shunt r e s i s t a n c e  e f f e c t s  a r e  impor tan t  a t  very  low levels  of i l l u m i n a -  

t i o n ,  w h i l e  se r ies  r e s i s t a n c e  e f f e c t s  a r e  impor tan t  under  h i g h  s o l a r  

c o n c e n t r a t i o n  [ Z ] .  The e l e c t r i c a l  c h a r a c t e r i s t i c s  of a c e l l  a r e  u s u a l l y  

d e s c r i b e d  by t h r e e  q u a n t i t i e s :  s h o r t - c i r c u i t - c u r r e n t  d e n s i t y  (J  >, 

o p e n - c i r c u i t  v o l t a g e  (V ), and f i l l  f a c t o r  (FF),  which i s  d e f i n e d  as  

Operat ion under one-sun AM0 c o n d i t i o n s  i s  assumed, 

sc 

oc 

t h e  r a t i o  of maximum c e l l  output  power t o  t h e  product  of J and V . s c  oc 

Composite .models f o r  m u l t i l a y e r  p h o t o v o l t a i c s  are c o n s t r u c t e d  

from t h e  fundamentai  b u i l d i n g  b l o c k  of a c u r r e n t  s o u r c e  shunted  by a 

d iode .  The c u r r e n t  s o u r c e  r e p r e s e n t s  p h o t o c u r r e n t  c o l l e c t e d  a c r o s s  a 

j u n c t i o n  and t h e  d i o d e  r e p r e s e n t s  d a r k  c u r r e n t  shunted  away from t h e  

o u t p u t  by t h e  j u n c t i o n .  This s imple  lumped-parameter model assumes a 

s u p e r p o s i t i c n  of photocurren t  and dark c u r r e n t .  While v a l i d  f o r  low- 

i n j e c t i o n  c o n d i t i o n s ,  t h e  assumption b r e a k s  down under  h i g h - i n j e c t i o n  

c o n d i t i o n s  (p-n i n  quas i -neut ra l  r e g i o n s )  [ 7 ] .  However, i t  w i l l  no t  

be n e c e s s a r y  t o  d e a l  w i t h  t h i s  case f o r  t h e  i l l u m i n a t i o n  c o n d i t i o n s  

assumed h e r e i n .  

2 . 1 .  Single-gap M u l t i l a y e r  S t r u c t u r e  

The f i r s t  t y p e  o f  s t r u c t u r e  t o  be cons idered  i s  a s ing le-gap ,  

m u l t i l a y e r  c e l l  grown w i t h  AlGaAs, i n  which a l l  j u n c t i o n s  a r e  connected 

i n  p a r a l l e l .  A schemat ic  c r o s s - s e c t i o n a l  view of such a c e l l  i s  shown i n  
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Figure  1. Lumped-parameter c i r c u i t  model o f  a single junction 
photovoltaic c e l l .  

Incident Light 

n 

pi electrode n* electrode 

Figure 2. Schematic c r o s s - s e c t i o n a l  view of a multijunction, 
single-Sap photovoltaic s t r u c t u r e .  

F i g u r e  3 .  E q u i v a l e n t  circuit used  t o  model multijunction c e l l s .  
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F i g u r e  2. A t  t h e  t o p  of the s t r u c t u r e  i s  a t h i n  l a y e r  of  high-energy- 

gap A l G a A s ,  known as a window, which a l lows  a lmos t  a l l  o f  t h e  s o l a r  

spec t rum t o  p a s s  through i t  w i t h o u t  b e i n g  absorbed .  The window p rov ides  

a n  i n t e r f a c e  to  t h e  uppermost active l a y e r  o f  the-cel l  ( u s u a l l y  c a l l e d  

t h e  e m i t t e r )  w i t h  a much lower recombina t ion  v e l o c i t y  than  would occur  

a t  a s u r f a c e .  The s t r u c t u r e  i s  e s s e n t i a l l y  a s u c c e s s i o n  of back-to-back 

p-n j u n c t i o n s ,  which precludes t r a n s p o r t  of c o l l e c t e d  c a r r i e r s  i n  t h e  

d i r e c t i o n  t r a n s v e r s e  t o  t h e  l a y e r s .  To overcome t h i s  problem, h e a v i l y  

doped c o n t a c t  r e g i o n s  t h a t  ex tend  v e r t i c a l l y  through t h e  s t r u c t u r e  a l low 

t r a n s p o r t  of c o l l e c t e d  carriers i n  t h e  l a y e r  p l a n e s .  These r e g i o n s  are 

known as selective e l e c t r o d e s  since they  connect  t o  l a y e r s  of l i k e  doping,  

w h i l e  forming reverse-b iased  j u n c t i o n s  (du r ing  normal  o p e r a t i o n )  w i t h  

l a y e r s  of o p p o s i t e  doping type. 

S e l e c t i v e  e l e c t r o d e s  have been used  i n  o t h e r  m u l t i l a y e r  d e v i c e s ,  

such  as an  ava lanche  photodiode proposed by Capasso [SI. Because t h e y  

a l low c o l l e c t e d  c a r r i e r s  t o  be  t r a n s p o r t e d  i n  t h e  l a y e r  p l a n e s ,  s e l e c t i v e  

e l e c t r o d e s  make i t  p o s s i b i e  t o  i n c o r 3 c r a t e  any nunber  of  e p i t a x i a l  l aye r s  

i n t o  t h e  s t r u c t u r e  (wi th in  c o n s t r a i n t s  imposed by t h e  technology used t o  

f a b r i c a t e  t h e  e l e c t r o d e s ) .  Both p- and n-type e l e c t r o d e s  are  n e c e s s a r y ,  

so t ha t  an  i n t e r d i g i t a t e d  f r o n t - s u r f a c e  g r i d  a r r a y  i s  r e q u i r e d .  

Resistive l o s s e s ,  as d i s c u s s e d  p r e v i o u s l y ,  are  assumed n e g l i -  

g i b l e ,  a l l owing  t h e  m u l t i l a y e r  s t r u c t u r e  t o  be model led as  a composi te  

c u r r e n t  s o u r c e  ( c o n s i s t i n g  of t h e  s h o r t - c i r c u i t - c u r r e n t  c o n t r i b u t i o n s  of 

e a c h  l a y e r )  shunted  by m u l t i p l e  d i o d e s ,  which r e p r e s e n t  t h e  load ing  

e f f e c t s  of t h e  j u n c t i o n s  (see F i g u r e  3 ) .  The c u r r e n t  shunted  by t h e  

d i o d e s ,  known as da rk  c u r r e n t ,  c o n s i s t s  of two p r i n c i p a l  components: 

i n j e c t i o n  and space-charge recombina t ion .  
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The i n j e c t i o n  component arises from unbalanced d i f f u s i o n  c u r r e n t s  

caused by lower ing  of t h e  j u n c t i o n  b a r r i e r  p o t e n t i a l  when forward  b i a s  

i s  a p p l i e d .  

i n t o  the p-s ide ,  and h o l e s  a r e  i n j e c t e d  from t h e  p-s ide  t o  t h e  n-side.  

I f  t h i s  component i s  dominant, t h e  dark c u r r e n t  is  r e f e r r e d  t o  as 

“ d i f f u s i o n  l i m i t e d ”  and t h e  j u n c t i o n  can be a d e q u a t e l y  modelled by t h e  

Shockley d iode  e q u a t i o n .  

E l e c t r o n s  a r e  i n j e c t e d  from t h e  n-s ide  of t h e  j u n c t i o n  

The o t h e r  dark-current  mechanism i s  space-charge recombina t ion ,  

which o c c u r s  i n  t h e  d e p l e t e d  r e g i o n  of a j u n c t i o n .  T h i s  i s  modelled 

a c c o r d i n g  t o  a t h e o r y  developed by Sah, Noyce, and Shockley [ 9 ]  f o r  

a b r u p t ,  symmetric j u n c t i o n s  ( i . e . ,  e q u a l  l i f e t i m e s ,  m o b i l i t i e s ,  and 

m i n o r i t y - c a r r i e r  d e n s i t i e s  on b o t h  s ides) ,  and l a te r  modi f ied  by Choo 

[ l o ]  f o r  asymmetr ic  j u n c t i o n s .  The model i s  s i m p l e  and convenient  t o  

apply :  one merely adds  a term t o  t h e  Shockley d iode  e q u a t i o n  t o  account  

f o r  t h e  space-charge recombination c u r r e n t .  I n  t h e  A l G a A s  a l l o y  sys tem,  

space-charge recombinat ion w i l l  always dominate t h e  i n j e c t i o n  component 

when a c e l l  of t h i s  m a t e r i a l  is  o p e r a t i n g  a t  i t s  maximum-power p o i n t  

[ I11 * 

The composite c u r r e n t - v o l t a g e  ( I - V )  c h a r a c t e r i s t i c  of t h e  lumped- 

parameter  model i n  F igure  3 may be w r i t t e n  as f o l l o w s :  

J xv s i n h  (Xv / 2 )  
J ( v ) =  C {J - J~ (e - 1)) - C J 

m= 1 g r m  X(vb - VI 
m k k  s c  k = l  

where J i s  t h e  s h o r t - c i r c u i t - c u r r e n t  c o n t r i b u t i o n  of t h e  k th  l a y e r ;  
sc,-  

t h  K 

J_  i s  t h e  c o e f f i c i e n t  f o r  t h e  i n j e c t i o n - c u r r e n t  c o n t r i b u t i o n  of t h e  k 
“k 

l a y e r ;  N i s  t h e  t o t a l  number of  l a y e r s  ( i n c l u d i n g  t h e  window); J and 
L vm 
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v 

potential, respectively, of the mth homojunction; NJ is the number of 

homojunctions; and x=q/ 

that NJ= NL- 2 for structures considered in this section since the 

first junction (between the window and emitter) is a heterojunction, 

are the space-charge-recombination coefficient and junction barrier 
m b 

T is the inverse of the thermal voltage. Note kb 

not a homojunction. 

In the operating regime of interest v>>k T/q, allowing equation b 

(1) to be approximated by 

xv/ 2 e NL NJ 
J(v>= c ( J ~ ~  - J exv} - c J 

0 m= 1 grm A b b  - v) 
m k=1 k k  

Simple fixed-point-iteration expressions for open-circuit voltage (v ) 

and maximum-power-point voltage (v ) are easily derived from (2) using 
oc 

mP 
._ the following conditions on J(v): - .  
- 

= o  v=v J(v) I 
oc 

= o  d 
-{vJ(v) ) ] dv v=v 

mP 

(3)  

( 4 )  

Expressions for the window, emitter (which is the layer just 

below the window), and base contributions to the short-circuit and 

injected currents are well known and have been published elsewhere [ Z ] .  

Contributions of iayers bounded above and below by homojunctions may be 

derived from the minority-carrier-continuity and current-density 

equations with the boundary condition of zero excess-carrier density at 

the depletion-region edges: 



2qD n2 cosh((ti/Ln) - 1) 
[ 1 n l  J =  

sinh ( tk/Ln) 0 2 2  k o! Ln- 1 

11 

(5) 

-at' cosh((ti/Ln) - 1) 
I )  k 

qFkaLn -at ' 
J ( A ) =  {aL n (1 - e k ) - ( l + e  

k a Ln- 1 sinh(ti/Ln) sc 

( 6 )  

where t' is the thickness of the kth layer quasi-neutral region; ni is 

the intrinsic carrier concentration; N 

k 

Ln, and I) are the acceptor 
A' n 

concentration, electron diffusion length, and diffusion coefficient, 

respectively, for a p-doped layer (the corresponding quantities for an 

and D ) ;  and q is the charge of an electron. 
LP P 

n-doped layer are ND, 

The quantities a and Fk are the absorbtion coefficient and the photon 

flux incident on the quasi-neutral region of the kth layer. Both depend 

on the wavelength ( A )  of the incident radiation. Thus,-in order to 

determine the total short-circuit current, one must sum over the incident 

solar spectrum. Data for the AM0 solar spectrum were obtained from 

reference 12. 

In order to accurately determine the total short-circuit current, 

one must a l s o  consider the window-layer and depletion-region contributions. 

An expression for the window-layer contribution may be found in reference 

13. The contribution from the depletion region of the rnth homojunction 

is : 

-CXW 
JtZ(A)= qF,(1 - e m, 

w5ere W is the width of the depletion region and F is the photon f l u x  

incident upon it. 

m m 

This equation assumes 100% collection of carriers 
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photogenera ted  i n  t h e  d e p l e t i o n  r e g i o n ,  which is  r e a s o n a b l e  s i n c e  t h e  

l a r g e  space-charge f i e l d  should r a p i d l y  sweep m i n o r i t y  carr iers  a c r o s s  

t h e  j u n c t i o n .  Note t h a t  space-charge recombinat ion need n o t  be con- 

s i d e r e d  when computing t h e  s h o r t - c i r c u i t  c u r r e n t  because  t h e r e  i s  no 

b i a s  a c r o s s  t h e  j u n c t i o n .  

o u t  t h a t  t h e  d e p l e t i o n - r e g i o n  c o n t r i b u t i o n s  t o  s h o r t - c i r c u i t  c u r r e n t  

a r e  i m p l i c i t l y  inc luded  i n  t h e  J t e r m  of e q u a t i o n  ( 2 ) .  

For n o t a t i o n a l  c l a r i t y ,  i t  should  be p o i n t e d  

sc 

S p e c t r a l  d a t a  a v a i l a b l e  i n  t h e  l i t e r a t u r e  a r e  g i v e n  as a t a b u l a -  

t i o n  of f l u x  vs. wavelength,  where t h e  f l u x  i s  i n t e g r a t e d  o v e r  a small 

i n t e r v a l  about  each  wavelength.  Thus, t h e  most c o n v e n i e n t  method of 

computing the s h o r t - c i r c u i t  c u r r e n t  i s  t o  c a l c u l a t e  t h e  c o n t r i b u t i o n s  of 

a l l  r e g i o n s  f o r  t h e  f l u x  a t  a g i v e n  wavelength,  s t a r t i n g  a t  t h e  t o p  of 

t h e  s t r u c t u r e  and working down, t a k i n g  i n t o  account  t h e  r e d u c t i o n  i n  

photon f l u x  a s  t h e  l i g h t  p a s s e s  through each r e g i o n .  

determined by r e p e a t i n g  t h i s  procedure  f o r  wavelengths  a c r o s s  the 

r e l e v a n t  p o r t i o n  of t h e  s o l a r  spec t rum,  and summing t h e  r e s u l t s .  S p e c t r a l  

s u p e r p o s i t i o n  i s  v a l i d  s i n c e  t h e  d i f f e r e n t i a l  e q u a t i o n s  and boundary 

c o n d i t i o n s  governing t h e  photoexci ted  m i n o r i t y - c a r r i e r  p o p u l a t i o n s  are 

l i n e a r .  S i m u l a t i o n s  d i s c u s s e d  i n  t h i s  paper  u s e d  s p e c t r a l  d a t a  from 200 

t o  900 nm w i t h  1 0  nm increments .  Below 200 nm t h e  s o l a r  f l u x  i s  

n e g l i g i b l e .  The 900 nm upper c u t o f f  r e p r e s e n t s  photon  energy  j u s t  below 

t h e  energy gap of GaAs. 

T o t a l  Jsc i s  

A s  mentioned p r e v i o u s l y ,  t h e  only  III-V a l l o y  sys tem c o n s i d e r e d  

i n  t h i s  paper  i s  AlGaAs. This i s  p r i n c i p a l l y  because  i t s  p r o p e r t i e s  

have been e x t e n s i v e l y  s t u d i e d  and i t  is l a t t i c e - m a t c h e d  t o  GaAs a t  211 

composi t ions .  M o b i l i t i e s  and d i f f u s i o n  l e n g t h s  a r e  computed a s  f u n c t i o n s  
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of doping c o n c e n t r a t i o n , a n d  a l l o y  composi t ion,  u s i n g  e m p i r i c a l  r e l a t i o n s  

f o r  t h e  dependence on doping i n  G a A s  1131. These were modi f ied  f o r  

A l G a A s  by i n c l u d i n g  a polar-opt ical-phonon s c a t t e r i n g  term t o  account  f o r  

e f f e c t s  of a l l o y  composition 1141. 
- 

The model used f o r  t h e  a b s o r p t i o n  

c o e f f i c i e n t  (a) i s  t h a t  descr ibed  by Hutchby and Fudur ich  [15], w i t h  t h e  

e x c e p t i o n  t h a t  e f f e c t s  of the r band a r e  n e g l e c t e d .  The energy gap 
15 

between t h e  v a l e n c e  band and t h e  r band i n  G a A s  i s  a c t u a l l y  much 

l a r g e r  ( 4 . 6  eV) [16] t h a n  the v a l u e  of 2.9 eV g i v e n  i n  r e f e r e n c e  15. 

15 

Doping p r o f i l e s  a r e  modelled as uniform throughout  each l a y e r  

w i t h  a b r u p t  t r a n s i t i o n s  at  j u n c t i o n s .  Although doping g r a d i e n t s  can 

improve s p e c t r a l  response ,  t h e  e f f e c t  i s  smal l  f o r  c e l l s  w i t h  a p-doped 

b a s e  [17]. S i n c e  a l l  designs c o n s i d e r e d  i n  t h i s  p a p e r  assume a p-doped 

b a s e  r e g i o n ,  t h e  a d d i t i o n a l  model l ing  complexi ty  is n o t  wor th  t h e  

t r o u b l e  f o r  t h e  s m a l l  

AM0 w a s  found f o r  n/p 

f i l e  [ 1 7 ] ) .  J u n c t i o n  

c a r r i e r  s t a t i s t i c s .  

increment i n  e f f i c i e n c y  ( a n  improvement of 0.5% - 

h e t e r o f a c e  ce l l s  w i t h  an  e x p o n e n t i a l  doping pro- 

b a r r i e r  p o t e n t i a l s  a r e  c a l c u l a t e d  u s i n g  Fermi-Dirac 

For a l l  s t r u c t u r e s ,  t h e  t o p  l a y e r  i s  assumed t o  be a 

300 ~ - A l o ~ g G a O . l A s  window with a s u r f a c e  recombinat ion v e l o c i t y  of 

6 3 
10 cm/s and i n t e r f a c e  recombination v e l o c i t y  of 10 c m / s .  The bottom 

l a y e r  ( b a s e )  i s  assumed t o  have a back-surface f i e l d  (which i s  e s s e n t i a l l y  

a low-high j u n c t i o n )  w i t h  a n  e f f e c t i v e  recombinat ion v e l o c i t y  of 1 0  cm/s .  

An a n t i r e f l e c t i o n  c o a t i n g  of  S i  N i s  a l s o  i n c l u d e d  i n  t h e  model, fol low- 

i n g  r e f e r e n c e  18. 

e x i s t i n g  g r i d - a r r a y  technology [l]. 

4 

3 4  

G r i d  obscura t ion  i s  assumed t o  b e  4 % ,  a t t a i n a b l e  w i t h  

A s i m u l a t i o n  program was developed t o  implement t h i s  model which 

produces c e l l  d e s i g n s  by opt imiz ing  l a y e r  t h i c k n e s s e s  f o r  o p e r a t i n g  
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c o n d i t i o n s  o f  one-sun AM0 a t  300 K. The minimum al lowed q u a s i - n e u t r a l  

r e g i o n  t h i c k n e s s  f o r  any l a y e r  is  0.1 pm. T h i s  c o n s t r a i n t  a s s u r e s  t h e  

v a l i d i t y  of t h e  deple t ion- reg ion  approximat ion .  S i n c e  t h e  s e l e c t i v e -  

e l e c t r o d e  c o n t a c t  r e g i o n s  are assumed t o  c o v e r  o n l y  a small f r a c t i o n  of 

t h e  c e l l  s u r f a c e ,  e f f e c t s  of these r e g i o n s  on t h e  m i n o r i t y - c a r r i e r  d i s -  

t r i b u t i o n  may b e  d i s r e g a r d e d ,  s o  t h a t  t h e  one-dimensional model d e s c r i b e d  

above i s  v a l i d .  Doping cannot be r e a l i s t i c a l l y  opt imized w i t h o u t  

i n c l u d i n g  res i s t ive  l o s s e s ,  which p r o v i d e  a lower c o n s t r a i n t  on concen- 

t r a t i o n s .  E f f i c i e n c i e s  are n o t  p a r t i c u l a r l y  s e n s i t i v e  t o  v a r i a t i o n s  i n  

doping p a r a m e t e r s ,  however, so  t h a t  good r e s u l t s  may b e  o b t a i n e d  by 

a s s i g n i n g  near-op t i m a l  va lues .  

2 .2 .  Multi-band-gap S t r u c t u r e s  

A class of multi-band-gap s t r u c t u r e s  c o n s i s t i n g  of a m u l t i l a y e r  
_ _  

AlGaAs upper  s u b c e l l  and a GaAs lower s u b c e l l  i s  c o n s i d e r e d  i n  t h i s  

s e c t i o n .  The upper s u b c e l l  i s  e s s e n t i a l l y  t h e  s t r u c t u r e  modelled i n  

t h e  p r e v i o u s  s e c t i o n .  This  c l a s s  of s t r u c t u r e s  has been proposed a s  a 

p o s s i b l e  a l t e r n a t i v e  t o  convent iona l  c a s c a d e  c e l l  d e s i g n s  [19]. Some 

s t r a i g h t f o r w a r d  e s t e n s i o n s  o f  t h e  nodel  d e s c r i b e d  ir. S e c t i o n  2 . 1  a r e  

a l l  t h a t  a r e  n e c e s s a r y  t o  al low t h e  performance p o t e n t i a l  of t h e s e  novel  

cascade  c e l l s  t o  be eva lua ted .  There a r e  two c a s e s  t o  be c o n s i d e r e d ,  

which are  de termined  by how t h e  s u b c e l l s  a r e  e l e c t r i c a l l y  i n t e r c o n n e c t e d .  

The f i rs t  case i s  a three- te rmina l  c o n f i g u r a t i o n  w i t h  t h e  two s u b c e l l s  

s h a r i n g  a t e r m i n a l  of common p o l a r i t y .  The second c a s e  i s  a two-terminal  

c o n f i g u r a t i o n  where t h e  s u b c e l l s  a r e  connec ted  i n  ser ies .  The s u b c e l l s  

are assumed t o  be e l e c t r i c a l l y  connected by an  e p i t a x i a l l y  imbedded 



i n t e r c e l l  ohmic c o n t a c t .  Series connec t ion  imposes 

c u r r e n t  matching,  s o  t h a t  one would expec t  somewhat 

t h e  c o n s t r a i n t  of 

lower  e f f i c i e n c i e s  

than f o r  t h e  t h r e e - t e r m i n a l  case. The d e t a i l s  of mode l l ing  t h e s e  

i n t e r c o n n e c t i o n  schemes will be  t r e a t e d  i n  t h e  n e x t  two s u b s e c t i o n s .  

2 . 2 . 1 .  Three- te rmina l  Conf igura t ion  

This  i n t e r c o n n e c t i o n  method a l lows  t h e  upper  and lower s u b c e l l s  

t o  o p e r a t e  a t  t h e i r  i n d i v i d u a l  maximum-power p o i n t s ,  which is  why i t  

y i e l d s  t h e  b e s t  e f f i c i e n c y  of t h e  two methods. 

p o s s i b l e  t o  connec t  th ree- te rmina l  dev ices  i n  series t o  o b t a i n  h igh  

o u t p u t  v o l t a g e s ,  which are necessary  f o r  p r a c t i c a l  a p p l i c a t i o n s .  

commercial v i a b i l i t y  of t h ree - t e rmina l  p h o t o v o l t a i c s  h a s ,  t h e r e f o r e ,  

However, i t  i s  no t  

The 

been d i scoun ted  by many r e s e a r c h e r s  120-221. N e v e r t h e l e s s ,  a p o s s i b l e  

in t e rconnec t* ion  technique  e x i s t s ,  which may have been overlooked by 

t h e s e  a u t h o r s :  one can u s e  complementary p a i r s  (npn and pnp) of t h ree -  

t e rmina l  c e l l s  f o r  which t h e  upper -subce l l  s h o r t - c i r c u i t  c u r r e n t  of one 

i s  matched t o  t h e  lower-subcel l  s h o r t - c i r c u i t  c u r r e n t  of t h e  o t h e r .  

This approach,  shown schemat i ca l ly  i n  F igu re  4 ,  y i e l d s  a two-terminal 

ou tpu t  which a l l o w s  t h e s e  devices  t o  be i n c o r p o r a t e d  i n t o  p r a c t i c a l  

a r r a y s .  This  concept  has  the  advantage  of a v o i d i n g  t h e  c o m p l e x i t i e s  

of f a b r i c a t i n g  a m o n o l i t h i c a l l y  imbedded i n t e r c e l l  ohmic c o n t a c t  between 

the  two s u b c e l l s ,  a s  well a s  the  a t t e n d a n t  e l e c t r i c a l  l o s s e s  of such a 

c o n t a c t .  F a b r i c a t i o n  of i n t e r c e l l  ohmic c o n t a c t s  h a s  proved t o  be one 

of t h e  p r i n c i p a l  s tumbl ing  blocks t o  t h e  s u c c e s s  of m o n o l i t h i c  cascade 

c e l l s  [ 2 1 ] .  

C r o s s - s e c t i o n a l  views of t w o  p o s s i b l e  t h r e e - t e r m i n a l  s t r u c t u r e s  

a r e  shown i n  F i g u r e  5. The first has  t h r e e  l a y e r s  i n  t h e  upper  s u b c e l l ,  
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Figure 4. Diagram of complementary-cell interconnection method 
for three-terminal devices. 
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Figure 5. Schematic cross-sections of five- and seven-layer 
cascade  s t r u c t u r e s .  Isotype heterojunctions are 
represented by dashed lines. 
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f o r  a t o t a l  of f i ve  l a y e r s  ( the G a A s  lower s u b c e l l  c o n s i s t s  of two 

layers);  t h e  second h a s  f i ve  l a y e r s  i n  t h e  uppe r  s u b c e l l ,  

seven  l a y e r s .  

f o r  a t o t a l  of 

Note t h a t  the f ive - l aye r  s t r u c t u r e  h a s  one homojunct ion 

i n  t h e  upper  s u b c e l l ,  whi1.e the seven- l aye r  s t r u c t u r e  has  t h r e e .  Both - 

s t r u c t u r e s  are of pnp p o l a r i t y ,  s i n c e  i t  i s  advantageous from t h e  

s t a n d p o i n t  of s p e c t r a l  response t o  have t h e  long e l e c t r o n  d i f f u s i o n  

l e n g t h  of a p-doped base .  

The c u r r e n t - v o l t a g e  c h a r a c t e r i s t i c s  of t h e s e  t h r e e - t e r m i n a l  

d e v i c e s  are r e p r e s e n t e d  by an Ebers-Moll model: 

*1 
1 J (v ,v )= Jsc - J e % - J  e xv2 - J(')( e 

1 O11 O 1 2  m = l  grm Vb - 1 m 
1 1 2  

? "21 "22 

where X=q/kbT and the s u b s c r i p t  one refers t o  t h e  upper  s u b c e l l .  These 

e q u a t i o n s  r e p r e s e n t  a g e n e r a l i z a t i o n  of e q u a t i o n  (2 ) ,  a l though  f o r  con- 

c i s e n e s s  t h e  sums over  i n d i v i d u a l  l a y e r  c o n t r i b u t i o n s  t o  s h o r t - c i r c u i t  

and i n j e c t i o n  c u r r e n t s  are n o t  e x p l i c i t l y  w r i t t e n  o u t ;  r a t h e r ,  t h e  Jsc 

terms and J c o e f f i c i e n t s  are composite v a l u e s .  Thus, J i s  t h e  s h o r t -  

c i r c u i t  c u r r e n t  of t h e  upper  s u b c e l l  and J is  the lower s u b c e l l  s h o r t -  

c i r c u i t  c u r r e n t .  C o e f f i c i e n t s  Jo , J , J , and J de te rmine  t h e  

dependence of t h e  i n j e c t e d  component of t h e  da rk  c u r r e n t  on t h e  s u b c e l l  

1 0 s c  

s c2 

2 2  0 0 0 11 1 2  2 1  

t e r m i n a l  v o l t a g e s .  Coupling of t h e  c u r r e n t - v o l t a g e  e q u a t i o n s  ar ises  

from i n t e r a c t i o n  of t h e  i n j e c t e d  m i n o r i t y - c a r r i e r  p o p u l a t i o n s  a c r o s s  t h e  

h e t e r o j u n c t i o n  between t h e  upper and lower s u b c e l l s .  

recombina t ion  component of t h e  dark c u r r e n t  i s  r e p r e s e n t e d  by t h e  

The space-charge-  
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remaining terms. Each summation i s  over  t h e  homojunctions contained i n  

t h e  corresponding s u b c e l l .  N and N are t h e  numbers of homojunctions 1 2 

i n  t h e  upper and lower s u b c e l l s ,  r e s p e c t i v e l y .  For a l l  s t r u c t u r e s  

considered i n  t h i s  p a p e r ,  N =l. Note t h a t  i t  i s  necessary  t o  have a 

term f o r  each j u n c t i o n  because,  i n  g e n e r a l ,  t h e  b a r r i e r  p o t e n t i a l s  

2 

(vb ' s )  w i l l  n o t  be the  same f o r  a l l  j u n c t i o n s  i n  a p a r t i c u l a r  s u b c e l l .  

I f  they were i d e n t i c a l ,  t h e  v o l t a g e  dependent terms would f a c t o r  o u t  and 
m 

one could simply sum over  t h e  J 

i n  t h e  c a s e  of t h e  s h o r t - c i r c u i t  and i n j e c t e d  c u r r e n t s .  

' s  t o  o b t a i n  composite c o e f f i c i e n t s  as 
grm 

C o n t r i b u t i o n s  of l a y e r s  i n  t h e  cascade s t r u c t u r e  t o  t h e  shorc- 

c i r c u i t  and i n j e c t e d  c u r r e n t s  are computed a s  i n  S e c t i o n  2.1 w i t h  t h e  

except ion  of t h e  two l a y e r s  a d j a c e n t  t o  t h e  i s o t y p e  h e t e r o j u n c t i o n  

s e p a r a t i n g  t h e  upper and lower s u b c e l l s .  These c o n t r i b u t i o n s  a r e  con- 

s i d e r a b l y  more complicated to c a l c u l a t e  because one must account  f o r  

i n t e r a c t i o n  between t h e  minor i ty-car r ie r  p o p u l a t i o n s  of t h e s e  l a y e r s .  

The barrier seen  by minori ty  carriers a t  t h e  h e t e r o j u n c t i o n  i s  t h e  

j u n c t i o n  b u i l t - i n  p o t e n t i a l .  This  ho lds  under a l l  b i a s  c o n d i t i o n s  

s i n c e  doping c o n c e n t r a t i o n s  i n  t h e  l a y e r s  forming t h e  h e t e r o j u n c t i o n  

a r e  s u f f i c i e n t l y  h i g h  t h a t  j u n c t i o n  b i a s  w i l l  b e  e f f e c t i v e l y  zero  f o r  

t y p i c a l  c u r r e n t  d e n s i t i e s .  Therefore ,  t h e  boundary c o n d i t i o n s  on t h e  

m i n o r i t y - c a r r i e r  p o p u l a t i o c s  a r e  

D p1 '?pn 1 = Dp,v*n2 L 



1 9  

The Fermi l e v e l s  EF 

band edges .  

and EF 1 2 
are measured from t h e  r e s p e c t i v e  va lence-  

S u b s c r i p t  one denotes  t h e  higher-energy-gap l a y e r  of t h e  

upper s u b c e l l .  These boundary c o n d i t i o n s  a r e  n e a r l y  i d e n t i c a l  t o  t h o s e  

- 
d e s c r i b e d  f o r  low-high j u n c t i o n s  [23 ] .  The only  d i f f e r e n c e  is  t h e  AEv 

term which must b e  i n c l u d e d  i n  t h e  e x p r e s s i o n  f o r  the j u n c t i o n  barrier 

p o t e n t i a l  t o  account  f o r  t h e  valence-band-edge d i s c o n t i n u i t y  a t  t h e  

h e t e r o j u n c t i o n .  We assume t h a t  AE i s  40% of  t h e  energy-gap d i f f e r e n c e ,  

which seems t o  be t h e  c u r r e n t l y  accepted  r u l e  of thumb [24] .  For 

r ea l i s t i c  upper -subce l l  composi t ions ,  t h e  energy-gap d i f f e r e n c e  between 

V 

t h e  upper and lower s u b c e l l s  i s  l a r g e  enough t h a t  p = 0; t h u s ,  t h e  

p r e c i s e  value of  AE becomes i r r e l e v a n t .  Only f o r  u p p e r - s u b c e l l  compo- 

s i t i o n s  c l o s e  t o  G a A s  (x<O.l) does t h i s  v a l u e  become i m p o r t a n t .  

n1‘Pn2 

V 

Once the c o n t r i b u t i o n s  of a l l  t h e  l a y e r s  i n  b o t h  s u b c e l l s  have 
. .  - _ .  - 

been c a l c u l a t e d  and t h e  c o e f f i c i e n t s  of e q u a t i o n s  ( 8 1 s n d  - (9)  de te rmined ,  
- ---. - - . _  
_-I 

t h e s e  I-V e q u a t i o n s  must be s imul taneous ly  solvedc’for The o p e n - c i r c u i t  

and maximum-power-point v o l t a g e s  of t h e  two s u b c e l l s .  The c o n d i t i o n s  on 

t h e  I-V e q u a t i o n s  f o r  o p e n - c i r c u i t  v o l t a g e s  a r e  

J (v  v > I  = o  1 1’ 2 v =v ,v3=v 1 oc, - oc3 
I L 

I J,(V1’V2)Iv =v , v  =v = o  
L 1 oc, 2 oc, 

I L 

The c o n d i t i o n  f o r  maximum-power-point v o l t a g e s  i s  

= o  d 
dv 1 1  - { v J ( v  
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Although s o l v i n g  t h e s e  equat ions  may appear  f o r m i d a b l e  a t  f i r s t ,  i t  i s  

a c t u a l l y  r a t h e r  s t r a i g h t f o r w a r d  s i n c e  t h e  c o u p l i n g  i s  q u i t e  weak, even 

f o r  a n  energy-gap d i f f e r e n c e  of z e r o  ( i . e . ,  upper  and lower s u b c e l l s  

b o t h  GaAs). The b e s t  procedure i s  t o  p i c k  r e a s o n a b l e  i n i t i a l  v a l u e s  f o r  

v and v , t h e n  s o l v e  e q u a t i o n  (12)  f o r  v u s i n g  t h e s e  i n i t i a l  
1 oc 1 OC 2 oc 

g u e s s e s ,  h o l d i n g  v cons tan t .  T h i s  amounts t o  s o l v i n g  e q u a t i o n  (2)  

u s i n g  t h e  f i x e d - p o i n t - i t e r a t i o n  e x p r e s s i o n  a l r e a d y  mentioned s i n c e  t h e  
OC2 

i n j e c t i o n  term f o r  v can be lumped t o g e t h e r  w i t h  t h e  s h o r t - c i r c u i t  

c u r r e n t  : 
2 oc  

. .  

The v a l u e  o b t a i n e d  f o r  v can t h e n  be u s e c k t e i n d ' a  b e t t e r  approxi-  ._ . - -  1 -_ oc  

mation t o  v by s o l v i n g  e q u a t i o n  (13) i n  che &e way. This  i t e r a t ive  

procedure  may t h e n  b e  cont inued u n t i l  b o t h  v a n d  v converge,  which 

u s u a l l y  does n o t  r e q u i r e  more t h a n  a few i t e r a t i o n s .  The maximum-power- 

.---- L ---_. 2 - 

1 

o c  

2 oc oc  

p o i n t  v o l t a g e s  may be found by a s i m i l a r  method i f  one rewrites e q u a t i o n  

( 1 4 )  a s  two s e p a r a t e  c o n d i t i o n s  on J (v v and J (v , v  ) ,  analogous t o  

e q u a t i o n  ( 4 ) .  

1 1' 2 2 1 2  

2 .2 .2 .  Two-terminal Conf igura t ion  

Series i n t e r c o n n e c t i o n  of s u b c e l l s  i s  t h e  most widely s t u d i e d  

c o n f i g u r a t i o n  f o r  cascade  c e l l s  [6 ,20-22,251.  T h i s  i s  because such  

c e l l s  require a minimum number of f a b r i c a t i o n  s t e p s ,  which i s  impor tan t  

f o r  commercially v i a b l e  d e v i c e s ,  and a r e  e a s y  t o  connect  i n  a r r a y s .  

The p r e f e r r e d  approach i s  t o  u s e  a m o n o l i t h i c  i n t e r c e l l  ohmic c o n t a c t .  
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Many approaches have been tried, but a l l  have met with limited success, 

and none is even close to the performance needed for a practical cascade 

cell 1211. Nevertheless, for the sake of completeness, it was decide< 

to simulate a series-interconnect configuration for the cascade structure 

discussed in this paper. 

The interconnect is assumed to be electrically and optically 

lossless, which is a reasonable approximation to the performance that a 

practical interconnect must achieve. The interconnect is assumed to act 

as a barrier to minority carriers in the layers adjacent to the inter- 

connect, so that interaction of minority-carrier populations across the 

heterojunction does not occur in the series configuration. This is 

physically plausible €or a degeneratively doped tunnel-junction inter- 

connect, since th; resulting low-high junctions on either side of the 

heterojunction will act as minority-carrier mirrors. Isolation of the 

minoriry-carrier populations means that coupling of the I-V character- 

istics does not occur. Computation of the subcell I - V  characteristics 

is, therefore, much simpler since each takes the form o f  equation ( 2 ) .  

The fact that the cells are connected in series, however, intro- 

duces a new constraint: the currents flowing in the upper and lower 

subcells must be identical. This constraint does not affect the computa- 

tion of the open-circuit voltage (which is simply the sum of the 

individual subcell v I s ) ,  but it does change the condition used to 

determine the maximum-power-point voltage. This condition becomes 

oc 
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Note t h a t  i t  i s  conven ien t  t o  choose c u r r e n t  as t h e  independent  v a r i a b l e .  

The i n d i v i d u a l  s u b c e l l  terminal v o l t a g e s  must t h e n  b e  c a l c u l a t e d  as 

f u n c t i o n s  of c u r r e n t .  Although a closed-form e x p r e s s i o n  f o r  t h e  i n v e r s e  

of e q u a t i o n  (2 )  does  n o t  e x i s t ,  a s imple  f i x e d - p o i n t - i t e r a t i o n  formula  

may be d e r i v e d .  It i s  a l s o  u s e f u l  t o  observe  t h a t  v ' ( J )  = ( J ' ( v ) )  , 

s ince  a c losed-form express ion  f o r  J ' ( v )  i s  easy t o  d e r i v e .  

-1 
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3. RESULTS AND DISCUSSION 

This  c h a p t e r  w i l l  be broken i n t o  two p a r t s .  The f i r s t  w i l l  d i s -  
- 

c u s s  s ing le-gap  m u l t i l a y e r  s t r u c t u r e s ,  which p r i m a r i l y  serves t o  i l l u s -  

t r a t e  how a d d i t i o n a l  j u n c t i o n s  can enhance s p e c t r a l  r e sponse ,  e s p e c i a l l y  

i n  t h e  high-energy-gap, low-di f fus ion- length  ma te r i a l s  needed f o r  upper  

s u b c e l l s  of multi-band-gap cascade c e l l s .  The second s e c t i o n ,  on which 

the most emphasis w i l l  be  placed,  w i l l  demons t r a t e  t h e  p o t e n t i a l  of  t h e  

nove l  cascade  s t r u c t u r e s  modelled i n  t h e  p reced ing  c h a p t e r .  

3.1. R e s u l t s  f o r  Single-gap M u l t i l a y e r  S t r u c t u r e s  

To i l l u s t r a t e  t h e  mechanism by which such  m u l t i l a y e r  s t r u c t u r e s  

can enhance s p e c t r a l  response r e f e r  t o  F i g u r e  6 ,  which shows beginning-  

o f - l i f e  (BOL) s p e c t r a l  response c u r v e s  f o r  t h r e e -  and-,-fjour-layer s t r u c -  

t u r e s .  Observe t h a t  t h e  knee of t h e  s p e c t r a l  r e s p o n s e  cu rve  a t  t h e  r e d  

- - __ - - 
- - - - -- - _-.-- * - _  

end of t h e  spectrum i s  much s h a r p e r  f o r  t h e  f o u r - l a y e r  s t r u c t u r e .  T h i s  

i n d i c a t e s  s u p e r i o r  response  a t  t h e  r ed  end of t h e  spec t rum,  n e a r  t h e  

energy  gap of GaAs. The abso rp t ion  c o e f f i c i e n t  f o r  photons of energy  

n e a r  t h e  gap i s  much smaller than f o r  h i g h e r  energy  photons ,  hence t h e  

low-energy photons t end  t o  p e n e t r a t e  much deepe r  i n t o  t h e  s t r u c t u r e  

b e f o r e  be ing  absorbed.  However, most photons  a r e  absorbed n e a r  t he  

s u r f a c e ,  s o  t h e  s i n g l e  junc t ion  of  t h e  t h r e e - l a y e r  s t r u c t u r e  must be  

p l aced  c l o s e  t o  t h e  s u r f a c e .  The a d d i t i o n a l  j u n c t i o n  of t h e  f o u r - l a y e r  

s t r u c t u r e  may be p l a c e d  much deeper  so  t h a t  c a r r i e r s  pho toexc i t ed  by 

low-energy photons are  c l o s e r  t o  a j u n c t i o n .  This  s u b s t a n t i a l l y  i n c r e a s e s  

t h e i r  p r o b a b i l i t y  of b e i n g  c o l l e c t e d .  The r e l a t i v e  c o n t r i b u t i o n  of  t h e  
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F i g u r e  6 .  S p e c t r a l  response  curves  of t h r e e -  and f o u r - l a y e r  
s i n g l e - g a p  structures.  I n d i v i d u a l  layer  c o n t r i -  
b u t i o n s  are shown as w e l l  a s  overa l l  s p e c t r a l  r e s p o n s e .  
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i 

b a s e  r e g i o n  i n  t h e  four - layer  s t r u c t u r e  i s  s u b s t a n t i a l l y  smaller t h a n  t h e  

re la t ive  c o n t r i b u t i o n  of the  base  i n  t h e  t h r e e - l a y e r  s t r u c t u r e .  Minimiz- 

i n g  t h e  p r o p o r t i o n  of t h e  spectral  response  c o n t r i b u t e d  by the b a s e  i s  

d e s i r a b l e  s i n c e  b u l k  recombinat ion l o s s e s  occur  most ly  i n  t h i s  r e g i o n .  

The c u r v e s  i n  Figure 7 show how J and v are a f f e c t e d  by t h e  

number of l a y e r s  i n  t h e  c e l l  s t r u c t u r e s  a t  two d i f f e r e n t  a l l o y  composi- 

t i o n s .  A s  t h e  number of l a y e r s  i s  i n c r e a s e d ,  bu lk  recombina t ion  l o s s e s  

become n e g l i g i b l e  and J approaches a l i m i t i n g  v a l u e  determined p r i -  

m a r i l y  by g r i d ,  r e f l e c t i o n ,  and window l o s s e s .  The o p e n - c i r c u i t  v o l t a g e  

d e c r e a s e s  s t e a d i l y  w i t h  i n c r e a s i n g  numbers of l a y e r s  because  of  dark- 

c u r r e n t  c o n t r i b u t i o n s  of the a d d i t i o n a l  j u n c t i o n s ,  which l o a d  t h e  o u t p u t .  

sc oc  

s c  

The f i l l  f a c t o r  a l s o  d r o p s ,  b u t  i t s  f r a c t i o n a l  decrease i s  smaller t h a n  

that of voc. T h i s  b e h a v i o r  i l l u s t r a t e s  a n ' i m p o r t a n t  phenomenon: a 

t rade-of f  between s p e c t r a l  response and d a r k  c u r r e n t .  The t rade-of f  

produces a peak i n  e f f i c i e n c y  a t  f o u r  l a y e r s  as shown i n  F i g u r e  8. Note 

t h a t  t h e  l a r g e s t  i n c r e a s e  i n  e f f i c i e n c y  o v e r  a t h r e e - l a y e r  c e l l  o c c u r s  

f o r  an A l A s  mole f r a c t i o n  of x=O.4. T h i s  i s  because t h e  s h o r t e r  

m i n o r i t y - c a r r i e r - d i f f u s i o n  l e n g t h s  a s s o c i a t e d  w i t h  h i g h e r  mole f r a c t i o n s  

of A l A s  a l l o w  a g r e a t e r  margin f o r  improved s p e c t r a l  response .  ? l u l t i l a y e r  

s t r u c t u r e s  t h e r e f o r e  appear  t o  be most advantageous f o r  t h e  upper sub- 

c e l l s  of multi-band-gap ce l l s ,  which r e q u i r e  such high-energy-gap a l l o y s .  

R a d i a t i o n  t o l e r a n c e  i s  also improved by t h e  i n c o r p o r a t i o n  of 

a d d i t i o n a l  l a y e r s .  F i g u r e  9 shows t h e  e f f e c t s  of degrading  d i f f u s i o n  

l e n g t h s  by a f a c t o r  o f  f i v e .  The f o u r - l a y e r  s t r u c t u r e s  y i e l d  d r a m a t i c  

improvements i n  e f f i c i e n c y  a t  a l l  mole f r a c t i o n s  shown. 
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t h a t  would be achieved i f  space-charge recombination 
were suppressed.  

The dashed c u r v e s  show e f f i c i e n c i e s  
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Figure 9 .  Performance of radiation-damaged c e l l s  optimized 
for e n d - o f - l i f e  e f f i c i e n c y .  
reduced by  a fac tor  of f i v e  t o  s imulate  e f f e c t s  of 
r a d i a t i o n  damage. 

D i f f u s i o n  lengths  were 
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3 . 2 .  R e s u l t s  f o r  Multi-band-gap S t r u c t u r e s  

The p reced ing  s e c t i o n  demonst ra ted  t ha t  one  o r  two extra layers 

are b e n e f i c i a l  t o  t h e  performance of a s ing le -gap  c e l l ,  b u t  t h a t  many 

a d d i t i o n a l  l a y e r s  w i l l  n o t  f u r t h e r  i n c r e a s e  per formance;  ra ther ,  they  

w i l l  beg in  t o  degrade  i t  because of t h e i r  da rk -cu r ren t  c o n t r i b u t i o n s .  

Thus, one  would expec t  t h a t  t h e  m u l t i l a y e r  upper  s u b c e l l  of  t h e  cascade  

s t r u c t u r e  should  have a t  most f i v e  l a y e r s  (two more than  t h e  s t anda rd  

window, emitter,  base  s t r u c t u r e ) ,  which co r re sponds  t o  a seven- layer  

s t r u c t u r e  ( s i n c e  t h e  G a A s  l o w e r  s u b c e l l  c o n s i s t s  of two l a y e r s ) .  It i s  

d e s i r a b l e  t o  u s e  an  odd number o f  l a y e r s ,  s o  tha t  b o t h  the emitter of 

t h e  upper  s u b c e l l  and t h e  base of t h e  lower  s u b c e l l  are p-doped t o  take 

advantage  of the long  e l e c t r o n  d i f f u s i o n  l e n g t h .  Thus, o n l y  f i v e -  and 

seven- layer  s t r u c t u r e s  were s t u d i e d  i n  d e t a i l .  

_ _  

E f f i c i e n c i e s  o f  t h e  opt imized  c a s c a d e  s t r u c t u r e s  w i t h  t h e  t h r e e -  

t e r m i n a l  c o n f i g u r a t i o n  va ry  g r a d u a l l y  w i t h  upper  s u b c e l l  composi t ion  

(F igure  10). Broad peaks  occur  a t  mole f r a c t i o n  x=0.36 (cor responding  

t o  an energy gap o f  about  1 .8  eV) f o r  b o t h  t h e  f i v e -  and seven- layer  

s t r u c t u r e s  w i t h  maximum BOL one-sun AM0 e f f i c i e n c i e s  p r e d i c t e d  t o  be 

s l i g h t l y  i n  e x c e s s  of 2 6 % .  Th i s  c o n t r a s t s  w i t h  t h e  r a t h e r  c r i t i c a l  

dependence of e f f i c i e n c y  on energy-gap s e l e c t i o n  f o r  series cascade 

c e l l s ,  which i s  a consequence of t h e  cur ren t -matching  requi rement .  

T h e o r e t i c a l l y ,  h i g h e r  e f f i c i e n c i e s  could  be ob ta ined  from a two-gap 

cascade  c e l l  i f  a lower s u b c e l l  of energy  gap smaller t h a n  t h a t  of GaAs were 

used;  however, t h i s  would r e q u i r e  abandoning a l a t t i ce -ma tched  a l l o y  

system, s i n c e  none e x i s t s  which spans  t h e  r ange  o f  op t ima l  energy gaps  

f o r  t h e  two-gap system [ 2 5 ] .  Exper iments  w i t h  la t t ice-mismatched  s y s t e m s  
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t o  d a t e  have n o t  y i e l d e d  very i m p r e s s i v e  e f f i c i e n c i e s ;  t h e  h i g h e s t  e f f i -  

c iency  o b t a i n e d  is  13.6% under one-sun AM1.5 c o n d i t i o n s  [22 ]  ( t h e  AM0 

e f f i c i e n c y  would b e  even s m a l l e r ) .  

The dashed c u r v e s  i n  F i g u r e  10  show t h a t  e f f i c i e n c i e s  approach 

30% i f  space-charge recombinat ion i s  suppressed .  

c iency  c u r v e s  ( w i t h  and without  space-charge recombinat ion)  d i v e r g e  a s  

t h e  mole f r a c t i o n  of A l A s  i n  t h e  upper s u b c e l l  i n c r e a s e s .  Contrary t o  

The two sets of  e f f i -  

what one might  i n i t i a l l y  expec t ,  most of t h e  d ivergence  r e s u l t s  n o t  from 

t h e  upper -subce l l  c o n t r i b u t i o n  b u t  r a t h e r  from t h a t  of t h e  lower s u b c e l l .  

The key t o  u n d e r s t a n d i n g  t h i s  b e h a v i o r  i s  t h e  e f f e c t  on d a r k  c u r r e n t  of  

t h e  t o t a l  i l l u m i n a t i o n  absorbed by a c e l l .  The d a r k  c u r r e n t  i s  propor-  

t i o n a l  t o  J and i n v e r s e l y  p r o p o r t i o n a l  t o  maximum power p o i n t  v o l t a g e  

(Vmp). Dark c u r r e n t  a t  V 

f a c t o r ,  s o  t h a t  changes i n  i l l u m i n a t i o n  have a g r e a t e r  e f f e c t  on t h e  d a r k  

c u r r e n t  when t h e  space-charge component i s  dominant,  which i s  always t h e  

case f o r  GaAs and A l G a A s  ce l l s  a t  V . A s  t h e  upper s u b c e l l  bandgap 

i n c r e a s e s ,  i t s  J d e c r e a s e s  and V i n c r e a s e s .  This  t e n d s  t o  reduce 

space-charge recombina t ion  dark c u r r e n t ,  which would c a u s e  convergence. 

But t h i s  e f f e c t  i s  o f f s e t  by i n c r e a s i n g  dominance of t h e  space-charge 

recombina t ion  d a r k  c u r r e n t  component caused by changing m a t e r i a l s  

parameters  ( c a r r i e r  l i f e t i m e s  and i n t r i n s i c  c a r r i e r  c o n c e n t r a t i o n ) .  

However, d i v e r g e n c e  due t o  i n c r e a s i n g  i l l u m i n a t i o n  i s  q u i t e  a p p a r e n t  i n  

t h e  lower s u b c e l l ,  which i s  of f i x e d  composi t ion.  

s c  

i s  a l s o  p r o p o r t i o n a l  t o  t h e  d i o d e  i d e a l i t y  
mP 

mP 

s c  mP 

Although t h e  p r e d i c t e d  BOL e f f i c i e n c i e s  of t h e  f i v e -  and seven- 

l a y e r  d e s i g n s  a r e  n e a r l y  i d e n t i c a l ,  t h e i r  d e g r a d a t i o n  r a t e s  upon exposure  

t o  r a d i a t i o n  are  q u i t e  d i f f e r e n t .  This  may be s e e n  from F i g u r e  11, which 
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damage i s  simulated by i n c r e a s i n g l y  l a r g e  d i f f u s i o n -  
l e n g t h  reduct ions ,  
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shows t h e  e f f e c t  of a uniform r e d u c t i o n  i n  d i f f u s i o n  l e n g t h s  on t h e i r  

e f f i c i e n c i e s .  

t h e s e  s t r u c t u r e s  remain w e l l  above BOL e f f i c i e n c i e s  of GaAs h e t e r o f a c e  

c e l l s .  Also inc luded  is  a curve showing t h e  d e g r a d a t i o n  behav io r  of a 

Even a f t e r  s u b s t a n t i a l  d e g r a d a t i o n ,  e f f i c i e n c i e s  o f  

n i n e  l a y e r  s t r u c t u r e ,  which i s  s e e n  t o  be  q u i t e  s i m i l a r  t o  t h a t  o f  the 

seven l a y e r  s t r u c t u r e .  T h u s ,  t h e r e  i s  seen  t o  be no advantage  i n  going  

beyond seven l a y e r s .  

The seven l aye r  s t r u c t u r e  might seem t o  p r e s e n t  a problem f o r  

series resistance because  of unusua l ly  t h i n  l a y e r s .  I n  f a c t ,  t h e  upper 

s u b c e l l  e m i t t e r  is  about  0.3 pm, which i s  roughly  h a l f  t h e  emitter 

t h i c k n e s s  of t h e  f i v e  layer  s t r u c t u r e .  However, t h e  e f f e c t  of doubled  

emitter s h e e t  resistance i s  m i t i g a t e d  by c u r r e n t  s h a r i n g  among the 

t h r e e  uppe r - subce l l  homojunctions. The t o p - h o m j u p c t i o n  c a r r i e s  t h r e e -  

q u a r t e r s  of t h e  upper -subce l l  c u r r e n t  , r educ ing  cmi-tter j o u l e  l o s s e s  t o  

h a l f  of what t h e  l o s s e s  would be i f  t h a t  j u n c t i o n  c a r r i e d  t h e  e n t i r e  s u b c e l l  

- .  

- __ 

s c r r e n t .  
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4 .  CONCLUSIONS 

The cascade  ce l l s  modelled i n  t h i s  t h e s i s  o f f e r  an  a l t e r n a t i v e  t o  

c o n v e n t i o n a l  series cascade d e s i g n s  t h a t  r e q u i r e  a m o n o l i t h i c  i n t e r c e l l  

ohmic c o n t a c t .  S e l e c t i v e  e l e c t r o d e s  p r o v i d e  a s i m p l e  means of f a b r i -  

c a t i n g  t h r e e - t e r m i n a l  devices ,  which can be c o n f i g u r e d  i n  complementary 

p a i r s  t o  c i rcumvent  t h e  a t t e n d a n t  l o s s e s  and f a b r i c a t i o n  c o m p l e x i t i e s  of 

i n t e r c e l l  ohmic c o n t a c t s .  Moreover, s e l e c t i v e  e l e c t r o d e s  a l l o w  incor -  

p o r a t i o n  of a d d i t i o n a l  l a y e r s  i n  t h e  upper  s u b c e l l  which can improve 

s p e c t r a l  response  and i n c r e a s e  r a d i a t i o n  t o l e r a n c e .  

Real is t ic  s i m u l a t i o n s  of s u c h  c e l l s  o p e r a t i n g  under  one-sun AM0 

c o n d i t i o n s  show t h a t  t h e  seven-layer  s t r u c t u r e  is  optimum from t h e  

s t a n d p o i n t  of beginning-of - l i fe  e f f i c i e n c y  and r a d i a t i o n  t o l e r a n c e .  

P r o j e c t e d  e f f i c i e n c i e s  exceed 2 6 % .  Under h i g h e r  c o n c e n t r a t i o n  f a c t o r s ,  

i t  should  b e  p o s s i b l e  t o  achieve e f f i c i e n c i e s  beyond 30%. However, t o  

s i m u l a t e  o p e r a t i o n  a t  high c o n c e n t r a t i o n  w i l l  r e q u i r e  a model f o r  

r e s i s t i v e  l o s s e s .  O v e r a l l ,  t h e s e  d e v i c e s  appear  t o  be  a promising 

contender  f o r  f u t u r e  space a p p l i c a t i o n s .  
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